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INTRODUCTION 
 
Proteolytic cleavage products of plasminogen – as well as individual plasminogen kringle domains 
such as kringle 5 - possess anti-angiogenic properties whose use in cancer therapy is under much 
scrutiny (1-6).  It has been recently proposed that an array of angiostatic agents - including 
plasminogen derivatives like angiostatin - can significantly stimulate leukocyte-vessel wall 
interactions in vivo by the up-regulation of endothelial adhesion molecules in tumor vessels (7) and 
may enhance anticancer immune response and allow the immune system to overcome tumor immune 
resistance (8).  However, in the setting of experimental peritonitis, angiostatin has also been shown to 
behave as an antiadhesive/anti-inflammatory substance (9).  The sum of these observations readily 
supports the anti-angiogenic properties of angiostatin in the setting of pathological 
neovascularization, but its immune modulatory effects remain controversial.  The fifth kringle 
domain of plasminogen (hereafter K5), when utilized on its own displays robust anti-angiogenic 
properties (1-3) and will also directly lead to apoptosis of anoxic tumor cells in vitro (10).  These 
features make K5 an appealing anti-tumor biopharmaceutical with combined anti-tumoral as well as 
anti-angiogenic properties.  Indeed, we have previously demonstrated that genetic engineering of 
tumor cells for expression of K5 abolishes tumor growth in vivo, potently suppresses cancer-
associated angiogenesis and will inhibit recruitment of tumor-associated macrophages in an immune 
deficient human tumor xenograft model (11).  The latter observation suggests that K5 may possess 
immune modulatory properties on blood-derived immune competent cells – in keeping with the 
observations made by others with angiostatin.  To address the question of K5 influence on immunity, 
we compared the biology of K5-engineered breast tumor cells in immune defective mice as well as in 
tumor MHC-matched mice with normal immune systems.  As expected, we find that K5 is a potent 
inhibitor of cancer-associated angiogenesis.  However, we also observed that the anti-tumor effect of 
K5 is utterly dependent on an intact immune system, in particular on the T-lymphocyte subset, and 
that recruitment of polymorphonuclear cells is a dominant feature of K5 tumors.  These observations 
provide new evidence that the K5 plasminogen derivative possesses anti-angiogenic as well immune 
stimulatory anti-tumor properties. 
 
 
BODY (unpublished data) 
 
DA/3 mouse mammary tumor cell line retrovirally engineered to express plasminogen K5 
domain. 
The human K5 histidine-tagged cDNA (hK5His) was cloned as previously described (11) into a 
bicistronic retroviral vector construct (14) (Fig. 1A). The hK5His retrovector plasmid was stably 
transfected into 293GPG retroviral packaging cells and retrovirus producer cells were selected as 
described in Materials and Methods.  Tetracycline-withdrawal from the culture media led to the 
production of VSVG-typed hK5His-GFP retroviral particles which were subsequently concentrated 
100-fold by ultracentrifugation and a viral titer of ~2.5x106 infectious particles/mL was obtained. 
Concentrated VSVG-typed hK5His-GFP retroviral particles were utilized to transduce the BALB/c-
compatible DA/3 murine mammary cancer cell line. The DA/3 murine mammary adenocarcinoma 
cell line is estrogen independent and serves as a murine model of locally advanced breast cancer (13, 
18-20). Following retroviral transduction, polyclonal gene-modified DA/3 cells were assessed for 
GFP expression by flow cytometry and sorted to obtain a 100% GFP-positive population.  To ensure 



 

 

hK5His transgene expression and proper secretion, anti-His immunoblot analysis was performed on 
conditioned supernatant collected from hK5His transduced murine DA/3 mammary tumor cells and 
detects a major 15kDa protein consistent with the predicted molecular weight of soluble hK5His 
(Fig. 1B).  Using a semi-quantitative western blot titration curve, it was estimated that hK5His-GFP-
expressing DA/3 cells secrete 0.02pmol/L (or 0.25ng) of soluble hK5His protein per 106 cells per 24 
hours (data not shown). 
 
Anti-tumor property of hK5His protein is dependent upon an intact immune system. 
We tested the efficacy of hK5His against breast cancer in mice with functional immune systems.  
One million DA/3 (n = 10), genetically engineered DA/3-GFP (n = 10), or DA/3-hK5His-GFP (n = 
10) polyclonal cells were implanted subcutaneously in immune competent BALB/c mice and animal 
survival was monitored over time. One year post-implantation, 65% of hK5His-GFP-implanted mice 
survived tumor-free (P < 0.0001) as compared to 20% in both DA/3- and DA/3-GFP-implanted 
control mice (Fig. 2A). The anti-tumor effect was severely diminished when 106 genetically 
engineered DA/3-GFP (n = 10) or DA/3-hK5His-GFP (n = 10) polyclonal cells were implanted 
subcutaneously in immunodeficient non-obese diabetic severe combined immunodeficient (NOD-
SCID) mice (Fig. 2B).  This mouse strain lacks functional endogenous T or B lymphocytes, due to a 
deficiency in the recombinase activating gene (RAG)-2 gene, which impairs rearrangement of 
separate gene elements of the immunoglobulin and T-cell antigen receptor genes and thus disrupts 
differentiation of both B and T-lymphocyte progenitor cells (21). Although hK5His-GFP-implanted 
mice succumbed to excessive tumor burden by 2 months post-implantation, their survival was 
significantly prolonged as compared to control mice (P < 0.0001), possibly due to the angiostatic 
property of hK5His protein. This observation suggests that the immune system is playing a role in the 
tumoricidal effects of hK5His protein.  We proceeded to test whether the immune modulatory effect 
of hK5His protein was mediated via T lymphocytes by subcutaneously implanting 106 DA/3-GFP (n 
= 6) or DA/3-hK5His-GFP (n = 6) polyclonal cells in athymic BALB/c nude (T-lymphocyte 
deficient) mice (Fig. 2C). Our results demonstrate that T lymphocytes are required for hK5His 
protein to exert its anti-tumor action, since all hK5His-GFP-implanted mice had to be sacrificed due 
to tumor development by 3 months post-implantation, albeit delayed survival compared to GFP-
implanted control mice (P < 0.0005).  In order to assess if hK5His protein elicited an adaptive 
systemic protective immune response, we subcutaneously implanted wildtype BALB/c mice with 
irradiated 5 x 105 DA/3-GFP (n = 10) or DA/3-hK5His-GFP (n = 10) cells and 14 days later 
challenged the mice on the opposite flank with 5 x 105 non-irradiated DA/3-GFP cells (Fig. 2D).  
Protective immunity was not observed since there was no significant difference between the survival 
rate of challenged GFP-implanted and hK5His-GFP-implanted mice (P = 0.37).  
 
hK5His protein expression by DA/3 cells leads to recruitment of CD3+ lymphocytes in vivo. 
To further characterize the immune cellular mediators involved in hK5His protein anti-tumor effect, 
we embedded 106 DA/3-GFP (n = 4) or DA/3-hK5His-GFP (n = 4) polyclonal cells in MatrigelTM 

and subcutaneously implanted the cells in immunocompetent BALB/c mice.  Implants were retrieved 
3 days post-implantation and collagenase-digested to obtain a single cell suspension. Cells in each 
experimental group were counted using a hemacytometer and the cellular infiltrate was analyzed by 
staining the single cell suspension with 4-color antibodies enabling the identification of different 
immune subsets by flow cytometry analysis. Our infiltrate analysis confirms that hK5His protein 
secreted by gene-engineered DA/3 cells induces a potent host-derived cellular infiltrate including 
CD45+ hematopoietic cells (Fig. 3A).  T-lymphoid subset analysis (Fig. 3B), demonstrates a 



 

 

substantial increase in the absolute number of infiltrated CD3+ lymphocytes (P < 0.005), in particular 
CD3+NKT+ cells (P < 0.05).  
 
hK5His protein expression by DA/3 cells influences the quantity and size of tumor-associated 
microvasculature. 
We have previously demonstrated that hK5His secretion by human glioma cells leads to a profound 
anti-angiogenic effect in NOD-SCID mice (11).  To test whether this effect was replicated in immune 
competent BALB/c mice, we embedded 106 DA/3 (n = 4), DA/3-GFP (n = 4) or DA/3-hK5His-GFP 
(n = 4) polyclonal cells in MatrigelTM and subcutaneously implanted the cells in BALB/c mice. One 
week post-implantation, the MatrigelTM plugs were retrieved (Fig. 4A), sectioned and stained with 
von Willebrand factor (vWF) antibody (Fig. 4B, left panel). The number (Fig. 4C) as well as the 
length (Fig. 4B, right panel) of blood vessels was significantly reduced in the hK5His plugs 
consistent with a potent anti-angiogenic effect in vivo. 
 
hK5His induces neutrophilic tumor infiltration. 
In an effort to understand the effect of hK5His on host-derived inflammation, we embedded 106 
DA/3 (n = 4), DA/3-GFP (n = 4) or DA/3-hK5His-GFP (n = 4) polyclonal cells in MatrigelTM and 
subcutaneously implanted the cells in immunocompetent BALB/c mice. Implants were retrieved 3 
days post-implantation, sectioned, stained with hematoxylin and eosin (H&E) and analyzed by a 
veterinary pathologist (co-Author: DM). The histological analysis revealed that there were almost no 
intact islet (acini) of tumor cells in the hK5His-containing implants as compared to the GFP-
containing implants (Fig. 5E, P = 0.0001), where there was a moderate number of islets, sometimes 
acini, of intact tumor cells present at the periphery of the implants as seen in Fig. 5A & C.  The 
DA/3-hK5His-GFP tumor cells occurred as single cells, rarely in pairs, in contrast with the DA/3-
GFP tumor cells which occurred in islets of at least 6 cells. Most of the DA/3-hK5His-GFP tumor 
cells observed were either necrotic or degenerated (Fig. 5D & F) and were often surrounded by 
inflammatory cells as compared to the DA/3-GFP tumor cells that appeared healthy (no vacuolation, 
no swelling, no loss of tinctorial affinity, acinar or islet architecture preserved).  Both GFP- and 
hK5His-GFP-containing implants were incompletely surrounded by a capsule at the border regions 
(Fig. 5C & F respectively) composed of concentric layers of edematous immature connective tissue 
(fibroblasts with variable numbers of inflammatory cells).  We observed that the hK5His-GFP-
containing implants were markedly thickened by a dense population of inflammatory cells (Fig. 5B & 
D) composed of at least 50% neutrophils, qualified as suppurative inflammation. Enumeration 
confirmed a substantial increase in the number of infiltrated neutrophils in the hK5His-GFP-
containing implants as compared to the control implants (Fig. 5E, P = 0.0001). There were several 
eosinophils in the border zone of both groups. However, there was no significant difference in the 
number of infiltrated eosinophils between test and control (data not shown).  
 
hK5His protein is chemotactic for neutrophils and promotes their activation.  
In order to explain the enhanced recruitment of host-derived neutrophils within the hK5His-GFP-
containing implants, we assessed the ability of soluble hK5His protein to act as a neutrophil 
chemoattractant. PMN isolated from heparinized human peripheral blood were assayed for cell-
surface expression of the adhesion marker CD11b (Mac-1) by flow cytometry analysis, and were 
found to be strongly positive (Fig. 6A). PMN were plated on the top surface of the migration filter 
and exposed to either increasing doses of purified hK5His protein (80, 120 or 160ng) diluted in 
OPTI-MEM or OPTI-MEM alone as a control. We observed that hK5His protein acts as a potent 



 

 

neutrophil chemoattractant and displays a dose-response effect (Fig. 6B). Additionally, we 
demonstrate that neutrophil exposure to soluble hK5His protein induces increased cell-surface 
expression of the granulocyte activation marker CD64 (Fcγ receptor I) within the CD11b+ (Mac-1) 
adhesive neutrophil subset (Fig. 6C). These findings are consistent with our histological analysis and 
suggest that soluble hK5His protein produced by gene-modified DA/3 cells acts as a strong 
neutrophil chemoattractant as well as promotes activation of neutrophils within the tumor 
microenvironment.  
 
MHC I expression in hK5His-expressing DA/3 cells. 
MHC I is a key molecule involved in immune surveillance and its level of expression may influence 
interaction with innate effectors (22-25).  Therefore, we ascertained whether hK5His altered this 
phenotype.  We assessed the cell-surface expression of major histocompatibility antigen (MHC) class 
I on GFP- and hK5His-GFP-expressing DA/3 cells by flow cytometry. Our results indicate that 
hK5His-GFP-expressing DA/3 cells express similar levels (54.4%) of MHC-I (H-2Kd) molecule as 
GFP-expressing DA/3 cells (64.1%) (P > 0.05) (data not shown).   
 

KEY RESEARCH ACCOMPLISHMENTS 
 
• DA/3 mouse mammary tumor cell line efficiently retrovirally engineered to express human 

plasminogen K5 domain; 
• Anti-tumor property of hK5His protein is dependent upon an intact immune system; 
• hK5His protein expression by DA/3 cells leads to recruitment of CD3+ lymphocytes in vivo; 
• hK5His protein expression by DA/3 cells influences the quantity and size of tumor-associated 

microvasculature; 
• hK5His induces neutrophilic tumor infiltration in vivo; 
• hK5His protein is chemotactic for neutrophils and promotes their activation and; 
• MHC I expression is unchanged in hK5His-expressing DA/3 cells. 
 

REPORTABLE OUTCOMES 

Manuscripts 

1. The results discussed above were compiled into a manuscript. 
S. R. Perri, D. Martineau, M. François, L. Lejeune, Y. Durocher and J. Galipeau. Plasminogen 
Kringle 5 blocks tumor progression by anti-angiogenic and pro-inflammatory pathways. Submitted to 
Molecular Cancer Therapeutics. 
 

2. S. R. Perri, J. Nalbantoglu, B. Annabi, Z. Koty, L. Lejeune, M. François, M. R. Di Falco, R. 
Béliveau, and J. Galipeau. Plasminogen Kringle 5-Engineered Glioma Cells Block Migration of 
Tumor-Associated Macrophages and Suppress Tumor Vascularization and Progression. Cancer 
Research 2005; 65(18) 8359-65. 
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CONCLUSIONS 

 
We have previously demonstrated that tumor-expressed hK5His leads to a substantial anti-angiogenic 
effect and cure of human glioma orthotopic xenografts in a majority of  athymic nu/nu nude mice 
(11).  In the current study, we observed that NOD-SCID and athymic nude BALB/c mice with 
impaired T-lymphoid immune systems do not mount as effective an anti-tumor response to DA/3 
cells expressing hK5His, when compared to immunologically normal rodents.  Furthermore, despite 
apparent long term cures lasting more than 1 year in normal BALB/c mice, we were unable to 
demonstrate an effective adaptive immune response to tumor challenge, suggesting that components 
of the innate immune system play an important role in the effectiveness of K5 anti-tumor properties 
(Fig. 2).  These observations are congruent with the hypothesis that anti-angiogenic compounds 
derived from plasminogen and other sources have pleiotropic effects, which likely involve a 
synergistic recruitment of an inflammatory anti-tumor response (7, 8).  We have observed that tumor 
expression of hK5His leads to a robust CD3+ lymphoid tumor infiltration, in particular NKT cells, 
suggesting a role for these immune effector cells in K5-mediated tumor rejection (Fig. 3).  
Histological examination of tumor implants confirmed a robust suppression of cancer 
neovascularization (Fig. 4) as well as a marked neutrophilic suppurative reaction (Fig. 5).  This 
neutrophilic infiltration may be mediated by soluble K5 protein, which we demonstrate acts as a 
chemoattractant for neutrophils and promotes upregulation of the CD64 granulocyte activation 
marker (Fig. 6). This observation follows in the stead of the recently discovered property of an array 
of anti-angiogenic pharmaceuticals – including plasminogen derivatives such as angiostatin – to alter 



 

 

the phenotype of cancer-associated neovasculature in a manner which leads to enhanced tumor 
recruitment of leukocytes. Dirkx et al., recently reported that a synthetic angiogenesis inhibitor, 
anginex, enhances leukocyte-vessel wall interactions in tumor vessels by upregulating tumor 
endothelial VCAM-1 and E-selectin expression, and subsequently increasing infiltration of CD45+ 
leukocytes and cytotoxic CD8+ lymphocytes into the tumor to suppress tumor growth (7). Although 
Dirkx et al., report that angiostatin can also increase the leukocyte-vessel wall interaction in vivo, 
Chavakis et al., claim that angiostatin acts as an anti-adhesive and anti-inflammatory agent since it 
inhibits peritonitis-induced neutrophil emigration in vivo via its interaction with α4β1-integrin and 
Mac-1 (αMβ2-integrin) (9).  Our observation that K5 enhances recruitment of NKT cells and 
neutrophils is in support of a pro-inflammatory mode of action and buttresses the theory that 
inflammation and microvascular suppression act synergistically in the observed anti-tumor effects of 
hK5.  Our survival data in both immunodeficient NOD-SCID and BALB/c nude mice demonstrates 
that although host-derived neutrophils may be implicated in suppressing tumor progression, their 
presence is not sufficient in T-cell deficient mice to eradicate the tumor, suggesting a cooperative 
anti-tumor effect between these immune effector cells.  There is precedence for combined 
lymphocytic and neutrophilic involvement in tumor rejection. Cairns et al., (26) reported that gene-
engineered myeloma cells expressing lymphotactin induced infiltration of CD4+, CD8+ and 
neutrophils leading to effective tumor regression in vivo. Lee et al., (27) described that in vivo 
injection of IL-8-transfected human ovarian cancer cells induced dramatic neutrophilic infiltration 
and resulted in decreased tumor growth. In the context of anti-angiogenic therapy, Pike et al., (28) 
also observed in vivo neutrophilic and lymphocytic infiltration in vasostatin (angiogenic inhibitor)-
treated Burkitt lymphoma tumors, which led to tumor suppression.   
 
Work from Abbott Laboratories demonstrates that cancer cells rendered anoxic in vitro translocate 
GRP78 to the cell membrane which then serves as a ligand for K5.  K5-bound GRP78 thereafter 
initiates an apoptotic cascade (10). The significance of this phenomenon was not tested in 
experimental animals; however it clearly buttresses the claim that K5 can directly affect the 
phenotype and cellular function of tumor cells.  We did not observe an increased apoptosis index or 
reduced cell growth of K5-expressing DA/3 cells in standard tissue culture conditions or in a 3% 
oxygen hypoxic environment, nor were we able to detect membrane-bound GRP78 despite its 
intracellular abundance in DA/3 cells (data not shown).  These observations suggest that K5 likely 
interacts with tumor cells via a plurality of pathways of which GRP78 may be one in certain 
circumstances.  Thus, it may be speculated that hK5His protein breaks immune tolerance by inducing 
a cross-talk to occur between host-derived neutrophils and other innate infiltrating immune cells such 
as NKT-lymphocytes.  Furthermore, K5 from DA/3 may lead to an altered adhesive phenotype of 
tumor-associated vessels and promote local recruitment of leukocytes from blood stream. 
 
In aggregate, our data confirms the anti-angiogenic potency of hK5His and suggests that hK5His 
protein also relies upon multiple innate cellular effectors to induce its in vivo anti-neoplastic effect. 
More specifically, our findings demonstrate that hK5His protein requires functional neutrophils and 
T-lymphocytes in order to induce optimal tumor rejection.  Further studies on the pleiotropic effects 
of K5 protein on vasculature and inflammatory effector cells may provide new insights allowing K5 
to be therapeutically exploited to treat cancer. 
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FIGURE LEGENDS 
 
Figure 1. Development and characterization of hK5His-GFP gene-modified DA/3 cells. A, Human 
kringle 5 (hK5His) retrovector when integrated in DA/3 cells. hK5His consists of the last cryptic 
fragment of plasminogen (Cys462-Cys541) and is composed of 80 amino acid residues with 3 distinct 
disulfide bonds. B, Anti-His immunoblot analysis reveals functional secretion of hK5His migrating at 
~15kDa from retrovirally gene-modified DA/3 cells. 
 
Figure 2. hK5His-GFP-implanted immunocompetent mice survive long-term and modulate the 
immune system to suppress tumor growth. Kaplan-Meier long-term survival of A, immunocompetent 
Balb/c mice implanted subcutaneously with 106 non-gene-modified DA/3 (n = 10), GFP-expressing 
DA/3 (n = 10) or hK5His-GFP-expressing DA/3 cells (n = 10). The experiment was performed twice 
with similar results. Kaplan-Meier survival of B, immunodeficient NOD-SCID mice and C, athymic 
BALB/c nude mice implanted subcutaneously with 106 GFP-expressing DA/3 (n = 10, n = 6 
respectively) and hK5His-GFP-expressing DA/3 cells (n = 10, n = 6 respectively). D, Kaplan-Meier 
survival of immunocompetent BALB/c mice implanted subcutaneously with irradiated 5 x 105 GFP-
expressing DA/3 (“GFP”, n = 10) or hK5His-GFP-expressing DA/3 cells (“K5”, n = 10) and 
challenged 14 days later (day 0 on graph) on the opposite flank with 5 x 105 non-irradiated GFP-
expressing DA/3 cells.  BALB/c mice (“CTL”, n = 10) were independently implanted subcutaneously 
with 5 x 105 non-irradiated GFP-expressing DA/3 cells on the same day as the challenge as a 
technical control to demonstrate the tumor growth potential.  Log-rank statistical test performed for 
all Kaplan-Meier graphs.   
 
Figure 3. hK5His possesses novel immunostimulatory property. A, left Absolute total cell count 
performed post-collagenase digestion of the explants 3 days post-implantation of 106 GFP-expressing 
DA/3 (n = 4) or hK5His-GFP-expressing DA/3 cells (n = 4) embedded in MatrigelTM; right Absolute 
number of infiltrated CD45+ hematopoietic cells; bars, S.E.M. B, Absolute number of infiltrated 
lymphoid cells: CD3+, CD3+CD4+, CD4+CD25+, CD3+CD8+, CD8+CD25+, CD3+NKT+; bars, S.E.M. 
Statistical analysis was performed using the student t-test. 
 
Figure 4. hK5His acts as a potent anti-angiogenic agent. A, Implant (arrow) retrieval 1 week post-
implantation of 106 MatrigelTM -embedded DA/3, DA/3-GFP or DA/3-hK5His-GFP cells 
(representative images are shown at the same magnification). B, left panel Representative images of 
vWF-positive immunostained blood vessels (black arrows) from two different DA/3-GFP-containing 
(a, b) and DA/3-hK5His-GFP-containing (c, d) implants; C, center of implant; B, border of implant; 
magnification 160X; right panel The mean vWF-positive vessel length (μm) is plotted for both 
experimental groups; bars, S.E.M. C, The microvessel density is plotted as the mean number of 
vWF-positive blood vessels divided by the mean section surface area (mm2); bars, S.E.M. Statistical 
analysis was performed using the student t-test. 
 
 
Figure 5. hK5His protein induces dense pericapillary neutrophilic infiltrate. H&E-stained Matrigel 
explant sections retrieved 3 days post-implantation containing either GFP-expressing DA/3 cells (A, 
2.5X & C, 20X) or hK5His-GFP-expressing DA/3 cells (B, 2.5X, D, 40X & E, 40X). B, 
inflammatory infiltrate (red arrows) demonstrated, C, eosinophils present along the border region 
(red arrows) and tumor islets composed of 6 cells (black arrows) are depicted, D & F, neutrophils 



 

 

within the center region as well as within the border capsule region (red arrows) and representative 
examples of necrotic tumors (black arrows) are shown. E, Quantitative histological analysis 
representing the number of intact tumor cells per high power field (left) and the number of 
neutrophils per border region (right) composed of concentric layers of edematous immature 
connective tissue; bars. S.E.M. Statistical analysis was performed using the student t-test. 
 
Figure 6. hK5His protein acts as a neutrophil chemoattractant and promotes activation. A, 
Expression of CD11b cell-surface adhesion marker on isolated PMN; isotype antibody (left), test 
antibody (right). B, Relative fluorescence units (RFU) of migrated PMN toward either increasing 
doses of purified hK5His protein (80, 120, 160ng) diluted in OPTI-MEM or OPTI-MEM alone. C, 
Percent expression of CD11b+CD64+ PMN post-exposure to either increasing doses of purified 
hK5His protein (80, 120, 160ng) diluted in OPTI-MEM or OPTI-MEM alone or phorbal myristate 
acetate (PMA, 10μg/mL) as a positive control; bars, S.E.M. Statistical analysis was performed using 
the student t-test. 




